Summary Nematode infection of plant roots is a paradigm of host-parasite interactions. Although nematodes can be labeled with fluorescent dyes, migration of the worms into the deep regions of host roots makes them difficult to track. Here we report the use of two fluorescent dyes, FM4-64 and SYBR green I, to intensely label the soybean cyst nematode (SCN) Heterodera glycines for one week in host plants. Continuous monitoring of the labeled SCN juveniles was achieved with two-photon microscopy. Additionally, we developed a transient transformation system consisting of the non-model leguminous plant (fabaceous) roots, Astragalus sinicus and Agrobacterium rhizogenes to observe the cellular structures of the plant during SCN infection. By the combined use of fluorescent dyes and two-photon microscopy, clear images of infecting SCNs were obtained even in deep regions of A. sinicus roots. The fluorescent labeling described herein can also be used in detailed monitoring of the infection processes of other non-model nematodes, as well as the associated morphological changes in the host plant roots.
Understanding the infection mechanism of endoparasitic nematode is important because infection of nematodes to plant roots is one of characteristic examples of host-parasite interactions. The nematode infection is a major threat to sustainable crop production in the world. However, endoparasitic nematodes, including cyst nematodes, cannot be propagated without their hosts. Because nematodes migrate deeply into plant tissues, it is difficult to investigate their behavior and cellular changes in infected host plants. Consequently, little is known about the fundamental mechanisms of host-parasite interactions. Plant infection by cyst nematodes induces the formation of a multinucleated syncytium through host cell fusion via the partial dissolution of the cell wall and the enlargement of syncytial nuclei (Endo 1971 , Golinowski et al. 1996 . Nonetheless, the basic mechanisms of plant-cyst nematode interactions remain obscure due to methodological limitations in studies of endoparasitic nematodes.
Plant-nematode interactions have been analyzed in cross-sections of infected roots observed under light or fluorescence microscopy (Nobre et al. 1995 , Banora et al. 2011 , Vieira et al. 2011 or electron microscopy (Jones and Northcote 1972 , Hussey and Barker 1973 , Jones and Dropkin 1976 , Golinowski et al. 1996 , Sobczak et al. 1997 . Despite the valuable insights gained by the use of these methods, cross-sectioning is technically demanding and tissue-destructive. Moreover, the results do not provide temporal information on the cellular changes or the behavior of the infecting nematode. These difficulties have in part been overcome by the use of fluorescent dyes to track the nematode infection inside host plants. Many plant-parasitic nematodes, including root-knot, root-lesion, and sugar beet cyst nematodes, take up fluorescein diacetate (FDA), fluorescein isothiocyanate, and rhodamine B isothiocyanate (Bird 1979 , Schroeder and MacGuidwin 2007 , Goto et al. 2010 . A recent report described a nondestructive imaging system in which nematodes were labeled with the lipid analog PKH26 to track their behavior in Arabidopsis thaliana roots within a special chamber. This system enabled observations of plant-nematode interactions within the parasite life cycle (Dinh et al. 2014) . However, although thin A. thaliana roots were used in those studies, nematodes in the early stage of root infection could not be observed because of the poor fluorescent intensity of PKH26 and the autofluorescence of the host roots. These drawbacks have largely ruled out the use of confocal microscopy and PKH26 for in-depth in planta studies. Rather, they have highlighted the need for strongly labeling fluorescent dyes and a deep-tissue imaging system to study parasite infections of host plants.
Two-photon excitation microscopy (2PEM) has been used in in planta imaging (Feijó and Moreno 2004 , Cheung et al. 2010 , Mizuta et al. 2015 . Because the multiphoton effect within the focal plane is in the range of femtoliters, the advantages of 2PEM include the eliminations of out-of-focus photodamage and photobleaching by multiphoton excitation processes (König 2000 , So et al. 2000 . Moreover, the femtosecond near-infrared pulse laser deeply penetrates plant tissues (Feijó and Moreno 2004 , Cheung et al. 2010 , Mizuta et al. 2015 , and in Arabidopsis decreases the autofluorescence of its leaves, roots, pistils, and pollen grains (Mizuta et al. 2015) .
In the present study, we used the soybean cyst nematode (SCN) Heterodera glycines, which infect the thick roots of leguminous plants (fabaceous), to find fluorescent dyes to investigate plant-nematode interactions even in the deep regions of plant roots. The nematode was labeled with a bright fluorescent dye appropriate for live-cell imaging and allowing visualization of the parasite within the roots. Moreover, to observe cellular structures of host plant roots during SCN infection, we established a transient transformation system of nonmodel leguminous plant, Astragalus sinicus using Agrobacterium rhizogenes. The combination of a fluorescent dye and 2PEM yielded a deep tissue live-imaging to study plant-SCN interactions.
Materials and methods

Nematode culture, plant material, growth conditions, and SCN inoculation
The soil used in this study was obtained from a soybean field (Hokkaido, Japan) heavily infested with SCNs (Hererodera glycines Ichinohe). To isolate the cysts, soil and water were mixed and the supernatant was filtered through a 250-µm pore sieve. Eggs collected from manually crushed cysts were incubated at 25 C with an exudate solution from Astragalus sinicus, prepared by soaking 50 A. sinicus seedlings in 50 mL of water. Hatched J2 juveniles were collected in water after five to seven days of incubation, washed twice with 1 mL of distilled water, and centrifuged at 1000g for 2 min. Before their inoculation, the J2s were surface-sterilized for 20 min in a 0.01% streptomycin solution.
A. sinicus seeds were plated on 1% agar (50-70 seeds/ plate) and grown at 25 C with a long-day photoperiod (16-h light/8-h dark cycle). Seven days after seed germination, three seedlings were transferred to uncoated 60-mm glass-bottom dishes (D210402; Matsunami, Japan) and embedded in 1/10 medium [420 mg Murashige and Skoog (MS) salt medium (Duchefa Biochemie B.V., The Netherlands), 0.05% MES-KOH (pH 5.8), and 1 Gamborg s vitamin solution (Sigma-Aldrich)] containing 30 J2s. The glass-bottom dishes containing the seedlings and J2s were then incubated in a growth chamber at 25 C in the dark.
SCN fluorescence labeling
Thirty SCN J2s in tubes containing 100 µL of sterile water were stained with chemical dyes at the following dilutions or concentrations: 20 µM FM4-64 (Thermo Fisher Scientific, USA), a 1/1000 dilution of SYBR green I (TaKaRa, Japan), 12 µM fluorescein diacetate (FDA) (DOJINDO, Japan), 20 µM wheat germ agglutininconjugated Alexa Fluor 488 (Thermo Fisher Scientific), 20 µM MitoTracker red (Thermo Fisher Scientific), 25 µM SYTOX orange (Thermo Fisher Scientific), and a 1/1000 dilution of PKH26 (Sigma-Aldrich, USA). The J2 suspensions were first mixed by inverting each tube several times and then incubated in the dark overnight at room temperature. The J2s were washed five times with 1 mL of distilled water, followed by centrifugation at 1000g for 2 min to remove excess dye.
Imaging system
An upright laser-scanning microscope (SP8-MP; Leica, Germany) equipped with a 10 water immersion objective lens (HCX IRAPO L10 /0.95W) and a 25 water immersion objective lens (HCX IRAPO L25 /0.95W) was used for both single-photon and twophoton imaging. The two lasers consisted of 488-nm Ar and 561-nm diode lasers. For single-photon imaging, the signal was detected with a PMT detector (Leica). For two-photon imaging, an 80-MHz repetition rate femtosecond regenerative amplifier and femtosecond oscillator pumped by a pulse laser (InSight DeepSee 680-1300 nm; Spectra-Physics, USA), two dichroic mirrors (RSP495 and RSP560), and two emission filters (BP525/50 and BP585/40) (Leica) were used. The fluorescence signals were detected with Leica HyD detectors (Leica). The laser power and detector settings were adjusted to avoid pixel saturation and minimize background noise. The images were processed with LAS X software (Leica) and ImageJ (http://rsbweb.nih.gov/ij/) to obtain maximum-intensity projection images and z-stack 3D images.
Fluorescent Labeling of Nematodes for Live Imaging
Acid fuchsin staining
Nematode-infected roots were fixed with 1% sodium hypochlorite for 5 min, washed in water for 10 min, boiled for 2 min in acid fuchsin (350 mg acid fuchsin, 25 mL acetic acid, and 75 mL distilled water), and destained for 24 h in a solution containing 4.5 g chloral hydrate per mL.
Plasmid construction and transformation of A. sinicus hairy roots
The LR recombination reaction (Thermo Fisher Scientific) was used to insert mCherry-NLS, from pDONR221 (Suzaki et al. 2012) , downstream of the LjUBQ promoter in a pLjUBQ::GW vector (Suzaki et al. 2012) . For hairy root transformation, A. sinicus seeds were germinated in plates containing 1% agar for two days at 24 C in the dark and then grown for an additional two days at 24 C in a 16-h light/8-h dark cycle. These seedlings were used to transform hairy roots, mediated by Agrobacterium rhizogenes (AR1193 strain) and following a slightly modified protocol from Suzaki et al. (2012) . In brief, hypocotyls of seedlings were cut and placed in water with A. rhizogenes. Hypocotyls infected with A. rhizogenes were co-cultivated for two days in co-cultivation medium [1 Gamborg s B5 medium salt mixture (Wako, Japan), 2% sucrose (Wako), and Gamborg s vitamin so- lution (Sigma-Aldrich)] after which the seedlings were transferred to selection medium [co-cultivation media containing 0.01% cefotaxime sodium (Wako)] for one week to induce hairy root formation. Following removal of the non-transformed roots under fluorescence stereomicroscopy, we inoculated SCN using the inoculation method mentioned above.
Results and discussion
Fluorescent labeling of SCNs with SYBR green I, SYTOX orange, and FM4-64
The fluorescence intensities of seven chemical dyes and their labeling of the cytoplasm and nuclei (FDA), DNA (SYBR green I and SYTOX orange), cellular membranes [PKH26, wheat germ agglutinin (WGA)-conjugated Alexa Fluor 488 and FM4-64], and mitochondria (MitoTracker red) of SCNs were evaluated. FDA is an esterase substrate that upon hydrolysis by intracellular esterases yields fluorescein (Rotman and Papermaster 1966) . It has been used to fluorescently label root-knot nematode (Meloidogyne hapla) and root-lesion nematode (Pratylenchus penetrans) (Goto et al. 2010 ), but after an overnight incubation of J2 SCNs with FDA fluorescence signals were hardly detected (Fig. 1) , suggesting a low level of esterase activity in the nematodes. The diffuse fluorescence was probably due to the fact that FDA is a low-affinity nucleic acid stain that mostly localizes in the cytoplasm. SYBR green I and SYTOX orange intensely labeled the anterior portions of the SCNs (Fig.  1a) , and SYBR green I the SCN nuclei (Fig. 1b) . SYBR green I binds to double-stranded DNA and is one of the most sensitive fluorescent chemical dyes for the visualization of nuclei or organelle nucleoids in living cells (Nishimura et al. 1998 , Arimura et al. 2004 , Maeda-Sano et al. 2009 ). Unlike with SYBR Green I staining, SYTOX Orange did not label the nuclei specifically but it stained other SCN organs, including the stylet and esophageal lumen (Fig. 1b) . Although it is known as a cell impermeable nucleic acid dye and could not label nuclei in living cells (Burnett and Beuchat 2002) , the dye was probably taken up via apertures in the anterior portions of the SCNs and then labeled adjacent organs. Dinh et al. (2014) used the lipid analog PKH26 to label Meloidogyne chitwoodi, P. penetrans, and sugar beet cyst nematode (Heterodera schachtii). As shown in Fig.   Fig. 2 . Fluorescence labeling of SCNs within Astragalus sinicus roots. a. Invasion rate of SCN labeled with fluorescent dyes.
A. sinicus roots were infected with 30 J2s labeled with the indicated dyes. Three days after inoculation (DAI), the SCNs were stained with acid fuchsin. Letters indicate each significance group as determined by Tukey s multiple range test. There were no significant differences between controls and fluorescence labeled SCNs (p 0.05, n= 9, Tukey s multiple range test). The results are representative of three independent experiments. b. Two-photon z-stack images of SCNs within A. sinicus roots. Freshly hatched infective J2s of SCN were stained with FM4-64 and SYBR green I overnight in the dark. Yellow and white arrowheads indicate the anterior portions of labeled SCN and the tails of the labeled SCN, respectively. Two-photon excitation microscopy (2PEM) images were taken at two DAI. Excitation wavelength=1050 nm. Scale bars=100 µm (a) and 50 µm (c).
Fluorescent Labeling of Nematodes for Live Imaging 1a and 1b, PKH 26 also labeled SCNs in a spotted pattern. To label the cell membrane of SCN, we used WGA conjugated Alexa Fluor 488, which binds N-acetylglucosamine and N-acetylneuraminic acid residues on cell membrane (Fu et al. 2013) . However, after an overnight incubation with J2 SCNs, no fluorescence signals were detected (Fig. 1) . In contrast, the cell membrane dye FM4-64, which labels hydrophobic compartments, such as the lipid-rich membranes of living tissues (Betz et al. 1992 (Betz et al. , 1996 , labeled the entire SCN body (Fig. 1a, b) , most likely by binding to the whole plasma membrane. We considered that MitoTracker red labels the mitochondria of living cells to stain throughout the whole body of SCN. However, in J2 SCNs incubated with the dye overnight, only slight labeling of whole SCN bodies was obtained (Fig. 1a, b) .
A previous study found that syncytium formation by host plant cells was initiated from a syncytium cell stabbed by the nematode stylet (Wyss and Zunke 1986) . The spotted labeling pattern obtained with FDA and PKH26 (Fig. 1, Goto et al. , Dinh et al. 2014 made it difficult to distinguish the anterior portions of the nematode inside the root. In contrast, FM4-64, SYBR green I, and SYTOX orange intensely labeled the whole body or anterior portions of SCNs (Figs. 1,  2b) . Because the suitability of FM4-64 and SYBR green I in live imaging is well established (Betz et al. 1992 , Nishimura et al. 1998 , Arimura et al. 2004 , Maeda-Sano et al. 2009 ), both dyes were used in the experiments described below.
Behavior of fluorescent SCNs in A. sinicus roots observed by 2PEM
Accurate assessments of SCN infection behavior require long-term, minimally invasive imaging. However, long-term laser irradiation causes photo-damage to SCNs during live imaging, and SCN infection sites are difficult to observe because of autofluorescence and the thick diameter of leguminous plant roots. In this study, these problems were overcome by using 2PEM, which minimizes damage to specimens while allowing the deep penetration of light in plant tissues (Cheung et al. 2010 , Mizuta et al. 2015 . As a host plant, we used a non-model leguminous plant, A. sinicus, because it has a smaller root diameter than other leguminous hosts.
In the first step, the effects of the two fluorescent dyes on SCN viability were assessed by examining SCN invasion of A. sinicus roots using the small-scale inoculation method established in this study. Similar to the negative controls (water and DMSO), 30-40% of the SCNs fluorescently labeled with FM4-64 and SYBR green I were able to enter A. sinicus roots, confirming the low toxicity of these dyes (Fig. 2a) .
Two days after inoculation (DAI), distinct fluores- cence signals were obtained by 2PEM of FM4-64-and SYBR-green-I labeled SCNs located within the deep region of A. sinicus roots (Fig. 2b) . Consistent with the results shown in Fig. 1, FM4 -64 labeled the whole SCN body, and SYBR green I the anterior portions of the nematodes. Thus, the combined use of the two fluorescent dyes and 2PEM succeeded in maintaining a high S/N ratio such that even nematodes in deep regions of the roots could be clearly observed. By labeling the whole body or anterior portion of the SCNs (Figs. 1,  2b ) with FM4-64 and SYBR green I, the location of the syncytia could be investigated during the early infection stage.
To identify the SCNs that selected the initial syncytium cell and grew in A. sinicus roots, the nematodes were stained with acid fuchsin and SCN infection occurred in four stages. (1) During migration, the bodies of the SCNs were extended. (2) During selection of the initial syncytium cell, the SCNs were bent at their anterior portion and/or the stylet projected forward. (3) During syncytium formation, there was little change in the size of the SCN, but the syncytium could be observed. (4) Growing SCNs could be recognized because they were clearly larger than those in the preceding stages (Fig. 3a) . As shown in Fig. 3a , the majority of the SCNs triggered syncytium formation and then grew steadily from three to eight DAI (Fig. 3a) . Similar to our results, a previous study of the cyst nematode H. schachtii found that during the third stage of infection, the nematode molted to become an elliptically shaped third-stage juvenile ca. seven days after hatching (Raski 1950) . We then used time-lapse imaging to record each stage of the SCN infection process together with SYBR green I labeling of SCNs in A. sinicus roots (Fig. 3b) . Eight out of 14 infecting SCNs remained in the same area of the roots, where they grew during one to eight DAI. SCN fluorescence was still observed at least eight days after SYBR green I treatment. Additionally, shortening the time-lapse imaging interval allowed the movement of the nematodes inside the A. sinicus roots to be recorded, which revealed migration of the SCN along the vascular cylinder (Fig.  4) . Thus, in addition to a reduction of autofluorescence, the combined use of fluorescent dyes and 2PEM eliminated out-of-focus photodamage and photobleaching. These results demonstrate the utility of this imaging system as an innovative method to track the invasion of Observation of nuclei in A. sinicus roots using a transient transformation system Cyst nematodes induce the formation of multinucleated syncytia through partial dissolution of the host cell wall, host cell fusion (Golinowski et al. 1996) , and the enlargement of host cell nuclei within the syncytium (Endo 1971) . To investigate the morphological changes that characterize syncytium formation, it was necessary to label the cellular structures of the host plant. To do so, we used a hairy root transformation system, previously described in Lotus japonicus (Suzaki et al. 2012) , to construct an A. sinicus marker line expressing fluorescently labeled, nuclear LjUBQp:mCherry-NLS. Acid fuchsin staining showing third-stage juveniles at ca. eight DAI confirmed the suitability of the hairy roots as the SCN host (data not shown), as described in Kushida and Momota (2002) . Although not all cells in the hairy roots were transformed (Fig. 4a) , we were still able to use this transformation system to easily create a fluorescent-marker cell line of A. sinicus. After their inoculation with SYBR green I, the SCNs migrated into the vascular cylinder of hairy roots expressing mCherry-NLS (Fig. 4a) . Cortical cells were identifiable based on their round nuclei ( Fig. 5a ; blue box), in contrast to the ellipsoidal nuclei of cells in the vascular cylinder (Fig.   Fig. 5 . Live imaging of Astragalus sinicus hairy roots infected with SCNs. a. Two-photon z-stack images of SYBR green Ilabeled SCN in nuclei-labeled roots. A. sinicus hairy roots transformed with UBQp:NLS-mCherry were imaged two days after their infection with SYBR green I-labeled SCN. The 2PEM images show the nuclei of the labeled SCN in green and those of NLS-mCherry-labeled A. sinicus in magenta. Excitation wavelength=1050 nm. b. Three-dimensional maximum-intensity projection image of a. The color key indicates the depth from the cortex to the vascular cylinder. Scale bar =50 µm.
5a; red box). Three-dimensional maximum-intensity projection images (ca. 80 µm thickness) from a series of optical microscopy sections clearly showed the migration of the SCNs into the vascular cylinder at a depth of ca. 40 µm from the cortical layers (Fig. 5b) . Thus, using this imaging system, the nuclei of cortical vs. vascular cylinder cells could be distinguished morphologically, especially the formation of syncytial nuclei, and the infection behavior of SCNs, including their migration into the vascular cylinder within the deep region of the roots, could be precisely observed. Previously, spatial-temporal information on syncytium formation was often obtained using reporter proteins driven by syncytium-specific gene promoters in A. thaliana. Although these approaches using living roots resulted in the identification of infection sites, detailed syncytial structures, such as the enlarged nuclei and partially dissolved cell walls, could not be adequately visualized (Juergensen et al. 2003 , Wieczorek et al. 2006 , Siddique et al. 2015 . In this study, we reported fluorescent dyes to observe nematodes invading in deep region of the thick leguminous plant roots using 2PEM, and established a transformation system for labeling non-model host plants. In the future, by combining this imaging system with the expression of reporter proteins driven by syncytium-specific gene promoters, we could identify infection sites and also investigate the complete nematode infection process and the accompanying morphological changes in the nuclei and plasma membrane or cell walls. Furthermore, it is possible that our imaging systems combining the fluorescent dyes and hairy root transformation system enable us to investigate the interaction between non-model organisms and their morphological changes of in host plant roots.
